INTRODUCTION
The biosynthesis of the tetrapyrrole ring requires the sequential participation of two enzymes, porphobilinogen deaminase (EC 4.3.1.8) and uroporphyrinogen III synthase (EC 4.2.1.75 ). Porphobilinogen deaminase is responsible for the polymerization of four molecules of porphobilinogen, yielding the highly unstable hydroxymethylbilane, preuroporphyrinogen Battersby et al., 1979) . Preuroporphrinogen acts as the substrate for uroporphyrinogen III synthase Jordan & Berry, 1980) and is transformed into uroporphyrinogen III en route to haem and all other tetrapyrroles. In the absence of the synthase, the preurioporphyrinogen cyclizes to give uroporphyrinogen I in a non-enzymic reaction.
The deaminase and synthase enzymes are encoded by the hemC and hemD genes respectively, both of which have been mapped (McConville & Charles, 1979) at about 85 min on the E. coli K-12 chromosome (Bachmann, 1983 ). More recently we have cloned the hemC gene into the vector pBR322 to yield strains which produce up to 100 times the deaminase levels found in wild type . In addition we have reported the complete nucleotide sequence of the hemC gene and shown it to be immediately adjacent to the cyaA locus . In this latter study we also reported the existence of an open reading frame coding for a second gene commencing at the termination codon of the hemC gene and also under control of the hemC promoter. We now present the complete nucleotide sequence of this gene together with biochemical evidence for its identity as hemD, the gene encoding uroporphyrinogen III synthase.
MATERIALS AND METHODS Chemicals and enzymes
Bacterial media were purchased from DIFCO Ltd. Enzymes for recombinant DNA techniques were obtained from Amersham International or from Bethesda Research Laboratories. All other chemicals were from BDH or Sigma. Bacteria E. coli K12 strain HB101 (Boyer & Roulland-Dussoix, 1969 ) was grown on L-broth supplemented with 0.1 % glucose. Strains ST1046 and ST1047 were generated as previously described . JM101 was grown on M9 medium according to Messing (1983) .
DNA isolation and cloning
Isolation of DNA, restriction analysis and cloning were all carried out using published procedures (Maniatis et al., 1982) .
DNA sequencing
DNA was sequenced essentially by the method of Sanger et al. (1977) after the appropriate DNA segments had been cloned into Ml3mpl8 and Ml3mpl9 (Messing, 1983) and transformed into JM101 (Mandel & Higa, 1970) . Universal sequence primer and synthetic primers (prepared using an Applied Biosystems DNA Synthesiser) were employed in the DNA sequencing which was carried out in both directions at least once. [a-35S]ThiodATP was obtained from Amersham International.
Assay of porphobilinogen deaminase and uroporph'yninogen m cosynthase Porphobilinogen deaminase was determined by the method of Jordan & Shemin (1973) . Uroporphyrinogen III synthase was determined by the method of Jordan (1982) . Uroporphyrinogen III:I ratios were determined by reverse phase h.p.l.c. of the uroporphyrins (Wayne et al., 1979) .
Purification of uroporphyrinogen m synthase
Uroporphyrinogen III synthase was semipurified from E. coli ST1046 by the method used for the human enzyme . After the gel filtration stage the enzyme was applied to a MonoQ column (Pharmacia) in 10 mM-Tris/HCl buffer, pH 8.0, and eluted with a linear gradient of KCI. The enzyme, which contained several impurities, was finally purified to homogeneity Vol. 249
These sequence data have been submitted to the EMBL/GenBank Data Libraries under the accession number Y00719. by non-denaturing polyacrylamide gel electrophoresis at 4 'C.
M, of uroporphyrinogen III synthase
The Mr was determined by chromatography using a column of Sephacryl S-200 (100 cm x 2.5 cm), which had been calibrated with standard proteins. The buffer was Tris/HCl, pH 8.0, containing 5 mM-mercaptoethanol. Uroporphyrinogen III synthase was assayed by the method of Jordan (1982) . RESULTS 
AND DISCUSSION Identification of the hemD gene
The hem genes are dispersed around the E. coli chromosome (Bachmann, 1983) with the exception of the hemC, hemD and hemG genes which all map at about 85 min, close to the cyaA locus. Systematic screening of Clarke and Carbon strains harbouring cyaA led to the identification of a single clone JA200:pLC41-4, which exhibited raised levels of porphobilinogen deaminase .
The plasmid pST46 ( Fig. 1) was constructed by cloning a 2.8 kb Sau3A segment from the plasmid pLC41-4 into the BamHI site of pBR322 . When HB1I1 was transformed with pST46 the resulting strain, ST1046, was identified by its fluorescence under u.v. light after incubation with porphobilinogen. Assay of extracts from ST1046 revealed that not only porphobilinogen deaminase was raised but that uroporphyrinogen III synthase was also some 25-30 times higher than in the parental strain. Subcloning of the BamHISalI fragment into pBR322 yielded a smaller plasmid pST47 which, when transformed into HB1O1, yielded a strain (ST1047) producing 50 times the porphobilinogen deaminase activity of the parental strain. This strain (ST1047), however, exhibited very low levels of uroporphyrinogen III synthase, similar to those found in the wild type.
These findings suggested that pST46 encoded both hemC and hemD genes, but that pST47 encoded only the hemC gene. These results were confirmed by h.p.l.c. analysis of the uroporphyrinogen isomers generated on incubation of cell-free extracts from these two strains with porphobilinogen. HB101 :pST46 (ST1046) formed mainly uroporphyrin III (uroporphyrin III:I ratio 80: 20); however HB101:pST47 (ST1047) produced almost exclusively uroporphyrin I (uroporphyrin 111:1 ratio 1: 99). Extracts from control cells (HB101:pBR322) also formed uroporphyrin I, but in very small quantities.
From these results we concluded that the hemD gene was immediately adjacent to hemC, although we cannot totally exclude the remote possibility that we have cloned a gene which is involved with the regulation of the hemD gene on the bacterial chromosome. A further clone containing the 2.3 kb BamHI-HindIII fragment also produced elevated amounts of uroporphyrin III, similar to ST1046, and enabled us to conclude that the hemD locus extends no further downstream from the hemC gene than the HindIII site.
The level of uroporphyrinogen III synthase in wildtype E. coli is far too low to permit the isolation of the enzyme; however, the observation that uroporphyrinogen III synthase is over 30 times higher in ST1046 than in wild-type has permitted the purification of the enzyme from this recombinant strain. Nucleotide sequence of the hemD gene
The sequence of the BamHI-SalI fragment which was determined during the sequencing of the hemC gene showed an open reading frame extending from the termination codon of hemC and utilizing the four terminal nucleotides of the hemC coding region, ATGA. Since this sequence was incomplete and of insufficient length to code for the complete hemD structural gene the following clones in Ml 3mpl 8 and 19 were generated: HindIII-PvuII, PvuII-HindIII, SailI-HindIII (as shown in Fig. 1 ). These clones were sequenced by the method of Sanger et al. (1977) using universal primer and defined synthetic primers.
The nucleotide sequence from 1020 to 1820 (see for numbering) is shown in Fig.  2 . Included is the terminal portion of the hemC gene coding sequence which overlaps with the proposed initiation codon of hemD. This ATG is favoured since it marks the beginning of an open reading frame with high protein coding probability (Staden & McLachlan, 1982) . The hemD gene occupies 741 nucleotides and codes for a protein with 246 amino acids of Mr a little less than 28000.
Isolation of the uroporphyrinogen III synthase followed by chromatography on a column of Sephacryl S-200, which had been calibrated with standards, showed the M, to be 29000+3000, the enzyme eluting at the same volume as carbonic anhydrase (Mr 29000). A similar molecular mass was found on polyacrylamide electrophoresis in the presence of SDS, suggesting that the enzyme was a monomer, as has also been found for the synthases from human erythrocytes (Tsai et al., 1987) and from Euglena (Hart & Battersby, 1985) . The genederived molecular mass and that experimentally deter- The hemD gene coding region extends from 1058 to 1798. The numbering used is that originally describing the hemC gene starting at the BamHI site in plasmid pST46 . The hemD gene extends from the termination codon TGA of hemC, which contributes TG to the hemD initiation codon. A good Shine-Dalgarno sequence GGAG is present (underlined) . An open reading frame extends from the ATG at 1820 onwards (results not shown), for which a good Shine-Dalgarno sequence, AGGA, is present. The sequence shown in this Figure is indicated on the map of pST46 with a broken line (----) . mined for the purified synthase are thus in good agreement, providing further evidence for the presence of the hemD gene. Preliminary evidence for a hem operon One of the most interesting features of the sequence in Fig. 2 is the absence of any obvious promoter other than that upstream of the hemC gene (CTGACA)-(TAG-GAT) . Because the hemC and hemD coding regions overlap, any independent hemD promoter would have to fall totally within the hemC structural gene. A computer search for potential sites in this region revealed no evidence for any additional promoter. This suggested that the hemC promoter may also control the expression of the hemD gene. Experimental evidence in support of this premise was obtained by cloning the 2.3 kb BamHI-HindIII fragment containing hemC and hemD (Fig. 1) into a derivative of pKK-233-2 (pDOC70), a plasmid containing the TRC promoter (Amann & Brosius, 1985) . Both porphobilinogen deaminase and uroporphyrinogen III cosynthase were coordinately induced by addition of the inducer isopropyl /-D-thiogalactopyranoside to levels 30-40 times that of the wild type. This would have been most unlikely had the hemC and hemD genes been under the control of independent promoters.
Further examination of the sequence downstream of the hemD gene revealed a further open reading frame of at least 600 nucleotides with a high coding probability for a protein (results not shown). The absence of an obvious promoter for this putative structural gene suggests that in addition to hemC and hemD there may be a third gene under control of the hemC promoter. It is significant that the hemG locus encoding protoporphyrinogen oxidase has also been mapped in this area of the chromosome (Bachmann, 1983) . It is even more significant that when the strain harbouring pLC41-4 was assayed for protoporphyrinogen oxidase (Jacobs & Jacobs, 1979) , over twice as much enzyme activity was found compared with the parental strain, JA200.
In summary, at least two genes, hemC and hemD, possibly together with a third gene (hemG) exist in a hem operon adjacent to the cyaA locus at 85 min in the E. coli chromosome. The existence of a hem operon in E. coli is not surprising, especially since groups of hem genes exist in other micro-organisms (Tien & White, 1968; Piggott & Hoch, 1985) . However, this is the first indication that a hem operon may exist in E. coli. The cumulative data allow the precise positioning of the hem genes with respect to cyaA in the order cyaA, hemC, hemD. Currently these genes are neither linked nor in the correct sequence in the E. coli map (Bachmann, 1983) .
